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[57] ABSTRACT
There is disclosed new and improved multiphase ther-
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moelectric alloys and a method for making the same.
The alloys are disordered materials having a multiplic-
ity of matrix crystallites separated by generally disor-
dered grain boundaries containing transitional phases
and grain boundary regions of various phases including
electrically conductive phases having at least one phase
having high electrical conductivity.

The alloys are formed from a mixture of at least two
separately prepared multiple element compounds pref-
erably a first compound BijgSb3gTesp or BiggTessSern
and a 'second compound Agjs5SbasTesp. These com-
pounds while crystalline, have different crystalline
structures. They themselves are polycrystalline and do
not represent the most stable crystalline structure. The
first compound has a rhombohedral crystalline struc-
ture and the second compound has a face centered cubic
crystalline structure. The compounds are combined in
solid particulate form in proportions of 97 to 99.25 per-
cent BijoSb3oTegpand 3 to 0.25 percent AgysSbasTesgor
99 percent BiggTesgSerato 1 percent AgysSbysTesg. The
mixture is then heated in a quartz tube to an elevated

temperature and then drawn through a temperature
gradient for cooling.

The alloys include in the grain boundary regions vari-
ous phases of silver and tellurium. The silver containing
phases establish low resistance current paths through
the crystallites to provide the alloy with high electrical
conductivity. The disorder of the grain boundaries and
the non-highly electrical conductive phases of the grain

boundary regions provide low thermal conductivity
desired for thermoelectric applications.

Also disclosed are alloys doped with a dopant such as
tellurium iodide to form thermoelectric alloys having
maximized S20- products.

119 Claims, 9 Drawing Figures
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MULTIPHASE THERMOELECTRIC ALLOYS AND
METHOD OF MAKING SAME -

RELATED APPLICATION

This is a continuation in part of copending application
Ser. No. 341,864 filed Jan. 22, 1982 now abandoned in
the names of Tumkur 8. Jayadev and On Van Nguyen
for New Multiphase Thermoelectric Alloys And
Method Of Making Same.

BACKGROUND

The present invention relates to new and improved
materials for thermoelectric applications and a method
for making the same. .

It has been recognized that the world supply of fossil
fuels for the production of energy is being exhausted at
ever increasing rates. This realization has resulted in an
energy crisis which impacts not only the world’s econ-
omy, but threatens the peace and stability of the world.
The solution to the energy crisis lies in the development
of new fuels and more efficient techniques to utilize
them. To that end, the present invention deals with
energy conservation, power generation, pollution, and
the generation of new business opportunltles by the
development of new matenals for use in devices whlch
provide more electricity.

An important part of the solution with respect to the
development of permanent, economicgl energy conver-
sion lies in the field of thermoelectriCs wherein electri-
cal power is generated by heat. It has been estimated
that two-thirds of all our energy, for example, from
automobile exhausts or power plants, 1s wasted and
given off to the environment. Up until now, there has
been no serious climatic effect from this thermal pollu-
tion. However, it has been predicted that as the world’s
energy consumption increases, the effects of thermal
pollution will ultimately lead to a partial melting of the
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polar ice caps with an attendant increase in sea level. 4,

Employment of the waste heat for the regeneratlon of

electricity can provide a direct reduction in the thermal
pollution, independent of the source of the energy.

The performance of a thermoelectric device can be
expressed in terms of a figure of merit (Z) for the mate-
rial forming the device, wherein Z is deﬁned as:

Z=S2a/K

where:

Z is expressed in units X 103 |

S is the Seebeck coefficient in pv/°C.

K is the thermal conductivity in mW/cm--°"K.

o is the electrical conductivity in (—cm)—1

From the above, one can see that in order for a mate-
rial to be suitable for thermoelectric power conversion,
it must have a large value for the thermoelectric power
Seebeck coefficient (S), a high electrical conductivity
(o), and a low thermal conductivity (K). Further, there
are two components to the thermal conductivity (K):
K, the lattice component; and K, the electrical compo-
nent. In non-metals, K; dominates and it is this compo-
nent which mainly determines the value of K.

- Stated in another way, in order for a material to be

efficient for thermoelectric power conversion, it is im-
portant to allow carriers to diffuse easily from-the hot
junction to the cold junction while maintaining the
temperature gradient. Hence, high electrical conductiv-
ity is required along with low thermal conductivity.’
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Thermoelectric power conversion. has not found
wide usage in the past. The major reason for this is that
prior art thermoelectric materials which are at all suit-
able for commercial applications have been crystalline
in structure. Those crystalline materials best suited for
thermoelectric devices are very difficult to manufacture
because of poor mechanical properties and sensitivity of
material properties to compositional changes. This re-
sults because they contain a predominance of elements,
such as tellurium, and selenium which are natural glass
formers. The growth, control, and mechanical stability
of these crystals have, therefore, led to what to this date
are insurmountable problems. In particular, the materi-
als having a high figure of merit (Z) are generally made
from chalcogemd_es such as tellunum_ compounds
which .are notorious for the difficulties in growth of
high-quality single crystals. Even when such crystals
are grown, they contain large densities of defects and
are often unstable. In addition, they usually are far from
stoichiometric. For all of these reasons, controlied dop-
ing has proven to be extremely difficult.

Crystalline solids.cannot attain large values of electri-
cal conductivity while maintaining low thermal con-
ductivity. Most importantly, because of crystalline sym-

metry, thermal conductivity cannot be controlled by
modification.

In the case of the conventlonal polycrystallme ap-
proach, the problems of single crystalline materials still
dominate. However, new problems are also encoun-
tered by virtue of the polycrystalline grain boundaries

‘which cause these materials to have relatively low elec-

trical conductivities. In addition, the fabrication of these
materials is also difficult to control as a result of their
more complex crystalline structure. The chemical mod-
ification or doping of these materials, because of the
above problems are especially difficult.

Among the best known currently existing polycrys-
talline thermoelectric materials are (Bi, Sb);Tes, PbTe,
and Si-Ge. The (Bi, Sb)zTeg. represents a continuous
solid solution system in which the relative amounts of
Bi and Sb are 0 to 100%. The Si-Ge materials are best
suited for high temperature applications in the 600° to
1000° C. range with a satisfactory Z appearing at above
700° C. The PbTe polycrystalllne material exhibits its
best figure of merit in the 300° to 500° C. range. None of
these materials is well suited for applications in the 100°
C. to 300° C. range. This is indeed unfortunate, because
it is in this temperature range where a wide variety of

“waste heat applications are found. Among such applica-

tions are geothermal waste heat and waste heat from
internal combustion or diesel engines 1n, for example,
trucks, buses, and automobiles. Applications of this kind
are important because the heat is truly waste heat. Heat
in the higher temperature ranges must be intentionally .
generated with other fuels and therefore is not truly
waste heat. | |

The thermoelectric materials of the present invention
are not single phase crystalline materials, but instead,
are disordered materials. These materials are multiphase
materials having both amorphous and multiple crystal-
line phases. Materials of this type are good thermal
insulators. They include grain boundaries of various
transitional phases varying in composition from the
COI‘HpOSIthH of matrix crystallltes to the composmon of
the various phases in the grain boundary regions. The
grain boundaries are highly disordered with the transi-
tional phases including phases of high thermal resistiv-
ity to provide high resistance to thermal conduction.



4,447,277

3

Ccntrary to conventional materials the material is de-
signed such that the grain boundaries define regions

including conductive phases therein providing numer-
ous electrical conduction paths through the bulk mate-
rial for increasing electrical conductivity without sub-

stantially effecting the thermal conductivity. In essence,
the materials of the present invention have all of the
advantages of polycrystalline materials in desirably low
thermal conductivities and crystallme bulk Seebeck
properties. However, unlike the prior art polycrystal-
line materials, the disordered multiphase materials of
the present invention also have desirably high electrical
conductivities. Hence, in accordance with the present
invention, the S20- product for the figure of merit can be
independently maximized with desirably low thermal
conductivities for thermoelectric power genération.

Amorphous materials, representing the highest de-
gree of disorder, have been made for thermoelectric
applications. The materials and methods for making the
same are fully disclosed and claimed, for example, in
U.S. Pat. Nos. 4,177,473, 4,177,474 and 4,178,415 which
issued in the name of Stanford R. Ovshinsky. The mate-
rials disclosed in these patents are formed in a solid
amorphous host matrix having structural configurations
which have local rather than long-range order and
electronic configurations which have an energy gap and
an electrical activation energy. Added to the amor-
phous host matrix is a modifier material having orbitals
which interact with the amorphous host matrix as well
as themselves to form electronic states in the energy
gap. This interaction substantially modifies the elec-
tronic configurations of the amorphous host matrix to
substantially reduce the activation energy and hence,
increase substantially the electrical conductivity of the
material. The resulting electrical conductivity can be
controlled by the amount of modifier material added to
the host matrix. The amorphous host matrix is normally
of intrinsic-like conduction and the modified material
changes the same to extrinsic-like conduction.

As also disclosed therein, the amorphous host matrix
can have lone-pairs having orbitals wherein the orbitals
of the modifier material interact therewith to form the

new electronic states in the energy gap. In another

form, the host matrix can have prlmanly tetrahedral
bondmg wherein the modifier material is added primaz-
ily in a non-substitutional manner with its orbitals inter-
acting with the host matrix. Both d and f band materials
as well as boron and carbon, which add multiorbital
possibilities can be used as modifiers to form the new
electronic states in the energy gap.

As a result of the foregoing, these amorphous ther-
moelectric materials have substantially increased elec-
trical conductivity.  However, because they remain
amorphous after modification, they retain their low
thermal conductivities making them well suited for
thermoelectric applications, especially in high tempera-
ture ranges above 400° C.

These materials are modified on an atomic or micro-
scopic level with the atomic configurations thereof
substantially -changed to provide the heretofor men-
tioned independently increased electrical conductivi-
ties. In contrast, the materials of the present invention
are not atomically modified. Rather, they are fabricated
in a manner which introduces disorder into the material
on a macroscopic level. This disorder allows various
phases including conductive phases to be introduced
into the material much in the same manner as modifica-
tion atomically in pure amorphous phase materials to

4

provide controlled high electrical conductivity while

the disorder in the other phases provides low thermal

conductivity. These materials therefore are intermedi-
ate in terms of their thermal conductivity between
amorphous and regular polycrystalline materials.

SUMMARY OF THE INVENTION

The present invention provides new and improved

" materials for thermoelectric applications in desired tem-
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perature ranges which have good Seebeck coefficients,
high electrical conductivity, and low thermal conduc-

tivity and a method for making the same. The new and

improved materials also have compositional disorder,

translational disorder, configurational disorder, and

other disorders introduced therein, albeit in a macro-
scopic manner, to more closely resemble the atomic,
microscopic approach of truly amorphous materials to
result in low thermal conductivities while allowing the
incorporation of highly conductive phases to provide
high electrical conductivities. The materials are multi-
phase alloy materials having a first phase 1nclud1ng
matrix crystalhtes bounded by disordered grain bound-
aries of various phases including transitional phascs
Between the grain boundaries are macroscoplc grain
boundary regions which also include various phases
including clcctncally conductive phases and crystalline
inclusions. The grain boundary regions are rich in elec-
trically conducting modifying phases which prcvlde the
h1gh electrical conductivities. The other phases in the
grain boundary regions and the grain boundaries pro-
vide the low thermal conductivities.

The materials are made in accordance with the
method of the present invention by forming a mixture of
at least first and second multiple element inorganic
compounds. Generally, at least one of the compounds
includes at least one element having high electrical
conductivity, of at least 103, exemplified by, for exam-
ple, 104(1—cm)—1. The mixture is heated to an ele-
vated temperature and thereafter cooled to form a mul-
tiplicity of matrix crystallites separated by disordered

grain boundaries defining grain boundary regions

which contain the highly conductive phases therein.

The first and second compounds may be crystalline in
structure but havmg different crystalline geometries.
For example, prior to their being combined, the first
compound can include bismuth, antimony, and tellu-
rtum having a rhombohedral crystalline structure and
the second compound can include silver, antimony, and
tellurium having a face centered cubic crystalline struc-
ture. Alternatively, the first compound can include
bismuth, tellurium, and selenium.

The material can also include a dopant by adding
telurium . iodine or cadmium chloride, for example, to
one of the compounds prior to mixing.

- BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a fragmental cross-sectmnal view illustrat-
ing the structure of a material made in accordance with
the method of the present invention;

FIG. 2 is a graph ﬂlustratmg the figure cf merit (Z)
versus temperature for various alloys of thc present
invention;. .

FIG. 3isa graph lllustratmg elcctrlcal conductlwty
(o) versus tcmperature for various alloys of the present
invention; e

FIG. 4 is.a. zgraph ﬂlustratlng thermal conductlwty
(K) Versus. temperature for vartous alloys of the present
invention; : - S f
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FIG. § 1s a graph 1illustrating the Seebeck coefficient
(S) versus temperature for various alloys of the present
invention:

FIG. 6 is a graph of S20- versus temperature for vari-
ous alloys of the present invention;

FIG. 7 1s a graph illustrating the figure of merit (Z)
- versus temperature for one alloy of the present inven-
tion having various concentrations of tellurium iodide
therein; and

FIG. 8 1s a graph illustrating the figure of merit (Z)
versus temperature for the n-type alloys of Examples
12-15 of the present invention having various concen-
trations of tellurium iodide therein.

FIG. 9 1s a graph illustrating the figure of merit (Z)
versus temperature for the n-type alloys of Examples
16-18 of the present invention having various concen-
trations of tellurium iodide therein.

DETAILED DESCRIPTION

The present invention provides a method of making

thermoelectric materials of greatly improved figures of

merit (Z) over desired temperature ranges by introduc-
ing the presence of disorder throughout the bulk of the
material. The materials of the present invention have
disorder not present in uniform crystalline structures.
The disorder is not only in how the elements combine in
their different phases in an atomic manner, but also in a
macroscopic form wherein the materials have composi-
tional disorder, translational disorder, configurational
disorder or other disorders such as surface disorders as
well as transitional phases on their surfaces between the
phases which allow the creation of unique electrical
conduction paths throughout the bulk of the material
providing increased electrical conductivity while the
disorder provides low thermal conductivity. The mate-
rials of the present invention have three dimensional
disorder having a multiplicity of matrix crystallites
separated by multiphase grain boundary regions and
disordered grain boundaries. The grain boundary re-
gions include highly electrically conductive modifying
phases creating numerous interstitial conduction paths
between crystallites throughout the bulk material af-
fording control of the paths and thus the electrical con-
ductivity whereas typical crystalline structures have
overall bulk conductivity properties not easily changed.
Disorder in thermoelectric materials can be of vary-
ing degrees.
course, can attord little disorder and therefore have
substantially fixed parameters. Pure amorphous materi-
als have no long range order at all and can be modified
In a manner as previously described. The materials of
the present invention are multiphase in structure having
substantially more disorder than the crystalline materi-
als of the prior art and have varying degrees of order
and disorder inherent in them. The disorder may be the
result of compositional disorder wherein a structure
becomes disordered by the combining of elements in a
manner which changes the elemental distributions in the
material from that which would naturally occur. Com-
positional disorder, for example, is identified in the
materials of the present invention by phases within the
materials such as by the presence of crystallites, disor-
dered grain boundaries including transitional phases,
and grain boundary regions containing varying com-
plexes and phases on constituent elements.
Translational disorder in the materials of the present
Invention is evident because the crystallites, grain
boundaries and grain boundary regions are arranged at

Single phase crystalline materials, of

10

6

random. The crystallites are of varying sizes and orien-
tations while the grain boundaries are of varying width
and length dimensions. Configurational disorder is pres-
ent 1n the materials of the present invention because the
crystallites are of varying shapes having random and
irregular surface configurations. The grain boundaries
also randomly vary in conﬁguration

All of the above result in materials of the present
invention which are very disordered accounting for the
desirable low thermal conductivities while the highly
conductive phases within the grain boundary regions
form unique conduction paths between crystallites to
provide high electrical conductivities. Electrically con-

- ductive paths are provided in the entire volume of the
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material which greatly increase the electrical conduc-
tivity while the thermal conductivity remains unaf-
fected and even is desirably decreased. This result is not
possible with crystalline materials.

As previously mentioned, the electrical conductivity
of a material is ordinarily proportional to thermal con-
ductivity. This holds true especially for crystalline ma-
terials. With such materials, it is extremely difficult to -
increase €lectrical conductivity without concomitantly
increasing thermal conductivity. Since however, ther-
mal conductivity is much more dependent on the long
range atomic environment than electrical conductivity,
disordered materials can attain large values of electrical
conductivity while maintaining low thermal conductiv-
ities. Another important point is that since stoichiome-
try and purity are not factors in these materials as in
conventional materials, a much greater latitude for man-
ufacturing and lifetime stability are possible. These ma-
terials are enhanced or unaffected by disorder unlike
prior crystalline or polycrystalline materials. |

Another advantage of disordered materials, is that
they are more flexible than crystalline materials. The
disordered material is thus capable of more distortion
during expansion and contraction allowing for greater
mechanical stability during heating and coohng cycles
of the material.

In general, and in accordance with the broader as-
pects of the present invention, the first and second com-
pounds exhibit different crystalline structure or geome-

* tries to promote and facilitate the disordered structure
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of the resulting thermoelectric alloy when processed as
disclosed hereinafter. As further logically postulated,
the more dissimilar the crystalline structures or geome-
tries of the first and second compounds, the more bene-
ficial disorder of the final thermoelectric alloys results.
The disorder which results is exemplified by matrix
crystallites, principally of the first compound, bordered
by disordered grain boundaries containing transitional
phases, and grain boundary regions between the grain
boundaries exhibiting a multiplicity of phases having
significantly different electrical and thermal properties.
For example, and in accordance with one embodiment
of the present invention, the first compound can have
rhombohedral crystalline structure and the second com-
pound a face centered cubic crystalline structure. Com-
pounds having a rhombohedral crystalline structure
are, for example, in the class of materials represented by
the (Bi1,Sb);Te3 continuous solid solution. As first com-
pounds one alternatively could use compounds having a
diamond crystalline structure, for example Si-Ge mate-
rials, or a face centered cubic crystalline structure such
as PbS and PbTe. All of these materials, and most nota-
bly the (Bi,Sb);Tes materials when combined with a
second compound of different crystalline structure are
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believed to be suitable for use in accordance with the
invention. |

To present a different crystalline structure for the
first compounds having a rhombohedral or diamond
crystalline structure, the second compound can be ma-
terials having, for example, a face centered cubic crys-

talline structure. Such materials include the AgssSba.
sTespocompound in accordance with one embodiment of

the present invention. To present a different crystalline
structure for the PbTe and PbS first compounds, the
second compound can be a material having an ortho-
rhombic crystalline structure, for example, Agz>Te.

The first compound preferably also exhibits a satisfac-
 tory Seebeck coefficient because the first compound
represents the majority of the bulk of the material and
therefore is the constituent component relied upon to
provide an acceptable Seebeck coefficient of the final
thermoelectric material. Materials such as, for example,
calcogenides of Group VB elements, such as bismuth
and/or antimony, of which (Bi,Sb);Te3 represents one
group of such compounds, and known semiconductor
materials such as lead sulfide (PbS), lead telluride
(PbTe) and Si-Ge compounds all generally exhibit satis-
factory Seebeck coefficients. Other materials which
may be suitable for use as the first compound include
materials having thermoelectric properties and contain-
ing Group VIB or VB elements, such as Bi,Sb materials
and lead-tin tellurides.

It is anticipated that crystalline materials other than
those disclosed herein will be suitable for use as the first
and second components in accordance with the inven-
tion. For example, crystalline compounds which exhibit
thermoelectric properties, especially those having See-
beck coefficients (S) of 100 pv/°C. or more, may be
used. To be suitable, such compounds should be com-
binable with a minor amount of a second component,
which has at least two elements capable of forming at
least one highly electrically conductive phase when
combined, to produce a disordered thermoelectric ma-
terial having a higher electrical conductivity than the
first compound along and/or a lower thermal conduc-
tivity than the first compound alone.

The second compound, when combined with the first
compound in relatively minor amounts or proportions,
should be capable of modifying the electrical and ther-
mal properties of the first compound to result in a ther-
moelectric material having a higher electrical conduc-
tivity than the first compound alone and/or a lower
thermal conductivity than the first compound alone.

To modify the electrical conductivity, the second
compound when combined with the first compound
forms a highly conductive phase or phases in the grain
boundary regions. These highly conductive phases can
be complexes of semiconductor elements with a least
one element thereof being in higher concentrations than
the other semiconductor element or elements, or com-
plexes of highly conductive elements in high concentra-
tion with other, less conducting elements. Suitable mod-
ifying cornpounds are believed to include tellurides and
antimonides of Group IB and IIIB transition metals, and
more specifically, binary and ternary tellurides and
antimonides of silver, gold, thallium and indium. Com-
pounds failing into these classifications are Agle,
AgsTe, InSb, AgSb, AuTe, AuzTe, AuSb, Tl Te, T1Te,
TISb, and TISbTe for example, and in accordance with
a preferred embodiment of the present invention,

Agas5SbasTeso.
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It is hypothesized that when the second compound 1s
combined with the first compound by the process of the
present invention, a significant amount of one of the
elements of the second compound enters the bulk of the
first compound leaving behind, in the grain boundary
regions, complexes of the remaining elements of the

second compound. These complexes represent phases
which are rich in at least one of the elements. If the

combined elements of the second compound are semi-
conductors when in equal proportions, the complexes of
these elements will be highly conductive when one
element is higher in concentration than the other ele-
ment or elements. When one element is selectively in-
troduced into the bulk, the minor portion thereof re-
maining in the grain boundary regions is believed to
form the highly electrically conductive phases with the
elements which are not introduced in the bulk.

The method of processing the first and second com-
pounds to form the multiphase disordered alloys of the
invention will now be described. The individual com-
pounds are first prepared in solid form by any suitable
method. Thereafter, the first and second components
are crushed or otherwise pulverized into particulate
form and mixed together in desired proportions to form
a particulate solid mixture which is preferably uniform.
The mixture is then heated to form a melt. Preferably,
the mixture is heated to an elevated temperature for
melting the first compound and partially melting the
second compound. More specifically, the temperature
of the melt should allow some phases of the second
compound to precipitate. After heating, the melt 1s
cooled, preferably utilizing a controlled temperature
gradient.

The preferred elevated temperature and/or heating
and cooling rates may vary depending on the particular
first and second components utilized.

It is believed that the elevated temperature and heat-
ing and cooling rates may affect the configuration and
size of the matrix crystallites and the disorder of the
grain boundary regions and grain boundaries, which
also may affect the thermoelectric characteristics of the
thermoelectric materials of the invention. The amount
of the second component which enters the bulk of the
first component may also be related to the amount and
rate of heating and cooling. Accordingly, it is antici-
pated that optimization of the heating and cooling pro-
cess may be required for specific first and second com-
ponernts.

The multiphase disordered alloy materials of the
present invention are preferably formed from heavy
elements, for example, lead, bismuth, antimony, tellu-
rium, and silver. Such heavy elements are noted for
their low thermal conductivities. Such elements have
low thermal conductivities because the phonon trans-
port of such elements is decreased. The alloys of the
present invention are also made from at least first anc
second multiple element compounds which are sepa-
rately prepared and then combined. The first and sec-
ond compounds are preferably prepared in solid form,
crushed into solid particulate form and mixed together
in desired proportions to form a particulate solid mix-
ture. The mixture is then heated to an elevated tempera-
ture and then cooled by drawing through a temperature
gradient.

As a result of this process, an alloy material resuits
which differs substantially in structure, compositional
distribution, and thermal and electrical properties from
materials formed from the constituent elements alone. It
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will be appreciated that various combinations of first
and second compounds are obtainable and can be opti-
mized by simple experiment in which the desired prop-
erties are measured. In preferred embodiments, for mak-
ing p-type thermoelectric alloys, the first compound
includes bismuth, antimony, and tellurium in atomic
- proportions of ten to twenty percent bismuth, twenty to
thirty percent antimony,-and sixty percent tellurium.
Preferably the first compound includes these elements
in atomic proportions of ten, thirty, and sixty percent
respectively (BijoSb3oTeso). For making n-type thermo-
electric alloys the first compound can preferably in-
clude bismuth, tellurium, and selenium in atomic pro-
portions of about forty percent bismuth, forty-two to
fifty-four percent tellurium, and eighteen to six percent
selenium. The second compound includes at least one
element having hlgh electrical conductivity, for exam-
ple silver. The second compound may also include anti-
mony and tellurium. The silver, antimony and tellurium
compound preferably includes these elements in atomic
proportions of twenty-five, twenty-five, and fifty per-
cent respectively (AgasSbasTesp). The first and second
compounds are separately prepared in solid form and
crushed. Thereafter, they are mixed together in desired
proportions ranging from 97 to 99.75 percent of the first
compound and 3 to 0.25 percent of the second com-
peund to form a solid particulate mixture. The mixture
is then heated to an appropriate elevated temperature,
for example, about 600° to 650° and then cooled by a
growing process identified herein as a modified vertical
Bridgeman method. In this method, the mixture is con-

tained within a quartz tube and drawn through a tem-
perature gradient from its maximum temperature to
room temperature.

The first compound exemplified by (BijoSbigTeso) is
crystalhne having a rhombohedral crystalline structure
and is a compound from the continuous solid solution
(Bi,Sb);Tes. The second compound, exemplified by
(Aga5SbasTesp) is also crystalline, but has a face cen-
tered cubic crystalline structure which, of course, is
different than the rhombohedral crystalline structure of
the first compound. The resulting material is a new
multiphase alloy material including a multiplicity of
matrix crystalhtes separated by disordered grain bound-
aries and grain beundary reglons The structure of the
resulting material is illustrated in FIG. 1, which is not
drawn to scale to enable a more detailed representation
of the material. .

As previously mentioned, the alloy 10 includes a
multiplicity of matrix crystalhtes 12. The crystallites are
separated by disordered grain boundaries 14 and gram
boundary regions 16. These transitional phases vary in
composition from the composition of the matrix crystal-
lites to the composnmn of the various phases in the
grain boundary regions. The grain boundary regions 16
include various phases some of which being rich in
silver forming highly conductive modifying phases 18
and even microcrystalline inclusions 20. The matrix
crystallites 12 generally have width dimensions on the
order of 10 microns and the graln boundary regions 16
are macroscopic in size varying from 0.1 to three mi-
Crons. |

EXAMPLE 1

‘The alloy referred to immediately above was Spec1fi-
cally prepared in the following manner. One hundred
grams of both the ternary compounds (BuoSmee@g)
and (Agys5SbasTeso) were prepared separately by seal-
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ing the proper portions of the pure elements (99.999%
purity) in an evacuated quartz tube of 4 inch inner diam-
eter. The materials were maintained above the highet
melting temperature of the elements for several hours
and thoroughly mixed several times to ensure the com-
plete reaction and homogeneity throughout the liquid.
The materials were cooled to solid crystalline form and
crushed. The desired amounts for the composulon, here
99 percent BijoSbipTeegn, were weighed out in quantities
on an analytical balance to an accuracy of 10~ —4 gram.
The particulate materials were placed in a quartz tube
of 4 millimeters inner diameter and 10 centimeters in
length. The quartz tube was sealed and ready for.the
alloy growing process. The alloys were grown by a
modified vertical Bridgeman method by vertically
drawmg the quartz tube through a temperature gradient
ranging initially from 650° C. and decreasing to room
temperature 20° C. The tube was drawn at a rate of 30
mm/hr under a constant temperature gradient of 30°
C./cm. The grown alloy ingot was opened, cut, and
annealed at 250° C. for about 20 hours.

The alloy was subjected to Energy Dispersive X-ray

Analysis (EDS) using a 10 KEV accelerating voltage

resulting in X-ray spatial resolution of 0.5u. Spectrum
acquired times of up to 1000 seconds were used. The
EDS analysis revealed that the composition of the ma-
trix crystallites 12 substantially corresponds to the com-
position of (BijoSbioTeeo). The crystallites are ran-
domly oriented, have random sizes, and are of random
shapes, all of which contribute to the desired disorder.
Areas of the fractured grain boundary plane consisted
of Ag-Te with no antimony (Sb) or bismuth (B1). The
silver to tellurium ratio in the grain boundary regions
varies with a noticeable amount up to 2:1 or hence, the
composition noted therein was AgyTe. Other com-
plexes of silver and tellurium were also noted. Several
areas in the grain boundaries also were found to consist

of 100 percent tellurtum.

The foregoing analysis illustrates that the alloys of
the present invention are very disordered. The analysis
also confirms that when the two separate compounds
are combined, the antimony of the AgysSbasTeso com-
pound dlsperses into the bulk Ieawng silver and tellu-

" rium at the grain boundaries 14 and in the grain bound-
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ary regions 16. The presence of the highly electrically
conductive element, silver, in the grain boundary re-
gions is instrumental in obtaining the high electrical
conductivity of the resulting alloys. Also, the extreme
disorder of the grain boundaries and the non-highly
thermally conductive modifying phases including the
silver rich tellurium phases in the grain boundary re-
gions 16 account for the desired low thermal conductiv-
ity of the alloys.

The BijoSbigTego crystalline compound is a currently
available material used in thermoelectric applications.
To illustrate the desired properties obtainable from the
alloys of the present invention, reference may be made
to the table below which compares the room tempera-
ture Seebeck coefficient (S), the electrical conductivity
(o), and the lattice thermal conductivity (K1) of the
Bi1oSb3oTego compound to an alloy of the present in-

‘vention formed from 99 percent Bo1oSbioTeso and 1

percent: AgasSbasTesp by the method of the present

- invention more particularly described hereinafter.
65 - | :

BiigSbigTeso

~ (Bi1oShioTes0)99 + (AgasSbasTesp)y
S(n'/°C.) B

160 120



11
-continued .
Bi1oSbipTeso (Bi1j0Sb3gTesn)99 + (AgasSbasTesp); .
(Q-cm)—! 1250 4000 -
K;("™W/cm/°K. 15 - 10 5

From the above table, it can be seen that the electrical
conductivity of the new alloy is three times that of the
prior art crystalline material and that the thermal con-
ductivity of the new alloy is two-thirds of that of the 10
prior art material. Although the Seebeck coefficient of
the new alloy 1s twenty percent less than the prior art
material, the resulting figure of merit is much higher
due to the substantially higher electrical conductivity
and . substantially lower thermal conductivity. There-
fore, it can be seen that the present invention provides
greater independent control of the important parame-
ters which is not available in the prior crystalline or
polycrystalline materials.

EXAMPLES 2-5

Various alloys having proportions of 97 percent to
99.75 percent BijpSb3gTegp and 3 percent to 0.25 per-
cent Ag55by5Tes0 made by the foregoing method have 55
all shown desirable thermoelectric properties, espe-
cially over the 100 to 200° C. range. FIGS. 2 through 5
are graphs illustrating the figure merit, electrical con-
ductivity, thermal conductivity, and Seebeck coeffici-
ent for the alloys listed below fabricated by the above- j,
described method.

15

20

Example
2 (Bi10Sb3pTee0)99.5 + (Ag25SbasTesp).5 35
3 (Bi1oSb3oTeg0)99 + (AgasSbasTesp)s
4 (Bi10Sb30Te60)98.5 + (AgasSbasTeso)1.s
5 (Bi1gSb3poTegs0)98 + (AgasSbasTesp)y

The curves for the various alloys are indicated by the
percent incorporation of the AgisSbasTeso compound.
As can be observed when comparing the electrical
conductivities of the alloys illustrated in FIG. 3 to the
thermal conductivities illustrated in FIG. 4, the electri-
cal conductivity of the alloy can be controlled by the
amount of the second compound (Ag25SbssTesg) incor-
porated into the alloy. While the electrical conductivity
can be controlled, the thermal conductivities remain
sustantially the same for each alloy.

It will also be noted from FIG. 5 that the Seebeck 50
coefficient appears to decrease somewhat with in-
creased incorporation of the second compound. How-
ever, once one percent incorporation of the second
compound 1s reached, the Seebeck coefficient does not
vary substantially. 55

The curves of FIG. 2 of course represent the com-
bined effects of the parameters illustrated in FIGS. 3-5.
Here it can be seen that the alloy having about 0.5 per-
cent of the second compound exhibits the best figure of
merit up to about 140° C. From about 140° C. to 200° C. ¢o
the alloy containing about 1 percent of the second com-
pound exhibits the best figure of merit. Hence, not only
do the alloys of the present invention exhibit good fig-
ures of merit in the very important 100° to 200°:C: tem-
perature range, but in addition, the alloys ¢an be tai- 65
lored by the appropriate amount of incorporation of the
second compound for optimized thermoelectric perfor-
mance within desired temperature ranges. These unique

40

45
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results are also reflected in stability and ease of fabrica-
fion. |

FIG. 6 shows the S20 product for the (BijoSbs.
0Te60)99+ (AgasSbasTesp); alloy over the temperature
range of about 10° C. to 200° C. It is noted that this
product 1s maximum at about 100° C. It is at this point
that the figure of merit of this material also begins to
reach its maximum while its thermal conductivity is
slightly increasing. |

Confirming that the concept of the present invention
1S a general concept, we have found that the alloy can
contain either p-type or n-type dopants. Among these
one can use a p-type dopant such as lead. Other dopants
such as tellurium iodide (Tely) or tellurium, well known
in the art as n-type dopants, can also be used in practic-
ing the invention. The dopant, preferably tellurium
1odide (Tely), is incorporated into the alloy to maximize
the S20- product by adding the same to the first com-
pound (Bi1oSbioTegp) during its preparation. For exam-
ple, only between 0.1 and 1 percent of ‘the tellurium
1iodide is required. Alternatively, other n-type dopants
such as cadmium chloride (CdCly), zinc chloride
(ZnCly), or mercury chloride (HgCl3) can also be used.

EXAMPLES 6-10

FIG. 7 illustrates the figure of merit for the (Bi1gSbs-
0Te60)99+(Ag25SbasTeso): alloy over the temperature
range of about 25° C. to 200° C. for concentrations of
Tels 01 0.2, 0.3, 0.4, 0.5, and 1 percent.

It can here be noted that the alloy exhibits its best
figure of merit from about 50° C. to about 120° C. when
Incorporating about 0.4 percent Tels. From about 120°
C. its figure of merit is best when including about 0.2

percent Tels. For the entire temperature range dis-

played, the alloy containing about 0.2 percent Tely
exhibits the best overall figure of merit. Here again, it is
seen that the alloys of the present invention can be made
by the inventive method to tailor the alloys for particu-
lar characteristics over desired different temperature
ranges.

EXAMPLE 11

The starting n-type material used in this example has
the composition of BiygTes4Ses doped with 0.15% cad-
mium chloride (CdCly) and was alloyed with 1%
(AgasSbasTesp). The alloy was synthesized at 800° C.
for 2 hours before growing in the Bridgeman furnace at
a speed of 10 mm/hr. The electrical conductivity (o)

increased by the alloying and the Seebeck coefficient

(S) had higher values than those of the starting Bisg.
Tes4Seg material in the temperature region above 150°
C. The figure of merit (Z) had the same temperature
behavior as the Seebeck coefficient (S). Therefore the
standard n-type thermoelectric material Biy(Te,Se); can
be improved as the p-type material, by practicing the
concept of the present invention.

EXAMPLES 12-135

The n-type alloys of Examples i2-15 have the com-
position: -

(X w/o0 Telsy doped BigoTessSe12)99+(AgarsSha.
5Tesp)1 where X equals 0, 0.05, 0.10, and 0.20.

These alloys were prepared by first separately syn-
thesizing the doped and undoped bismuth, tellurium,

“and selenium first compounds and the silver, antimony,

and tellurium second compound by weighing out the
respective constituent elements thereof in proper pro-
portions, sealing in a quartz tube at 10—° Torr, and
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melting at 800° C. for two hours. Thereafter, the melts
were rapidly quenched. Each of the first compounds
was then combined with the second compound in the
indicated proportions in particulate mixture form and
melted at 800° C. for several hours. After cooling, each
of the four compounds was then placed into a respec-
- tive quartz tube of 5 mm inner diameter. The quartz
tubes were evacuated to 102 Torr and heated to about
650° C. and drawn through a temperature gradient of
30° C./cm at a rate of 10 mm/hr down to room temper-
ature.

FIG. 8 1llustrates the figure of merit (Z) versus tem-
perature for each of these alloys and the conventional
prior art polycrystalline Bix(Te,Se); material. As can be
noted, the undoped alloy and the alloy having 0.05 w/o
tellurtum 10dide have greater figures of merit than the
conventional material above about 80° C. while the
alloys having 0.10 and 0.20 w/o tellurium iodide have
greater figures of merit than the conventional material
above about 140° C. The alloy having 0.20 w/o tellu-
rium iodide has the best figure of merit above about
200° C. Hence, the figure of merit can be tailored for
desired temperature ranges by varying the dopant con-
centration.

Also significant is the fact that at 250° C., the alloy
having 0.20 w/o tellurium iodide has a figure of merit
which is almost twice that of the conventional material.
This i1s important because the product of the figure of
merit and temperature (Z7T) is directly related to the
efficiency of a material in converting a temperature
differential mnto electrical energy. Hence, at a tempera-
ture of 250" C., corresponding to many waste heat ap-

plications, this alloy is capable of being nearly 100 per-
cent more efficient than the convention material.

EXAMPLES 16-18

The n-type alloys of Examples 16-18 have the com-
position:

(X w/0 Tels doped BiggTes2Sei8)99-+(AgrsSba.
5Te59)1 where X equals 0, 0.10, and 0.20.

These alloys were prepared by a method identical to
that described above for the preparation of the n-type
alloys of Examples 12-15.

FIG. 9 illustrates the figure of merit (Z) versus tem-
perature for each of these alloys and the conventional
prior art polycrystalline Biy(Te,Se); material. As can be
seen, the undoped alloy has a greater figure of merit
than the conventional material above about 130° C. The
alloys containing 0.10 and 0.20 weight percent tellurium
1odide have greater figures of merit above about 140° C.
and 175" C., respectively. The undoped alloy has the
best figure of merit above about 220° C. FIG. 9, there-
fore, further illustrates that, by varying the dopant con-
centration, the figure of merit can be tailored for a spe-
cific temperature range.

Also, note here again, that at 250° C., the undoped
alloy has a figure of merit approximately twice that of
the conventional polycrystalline material. As explained
above with respect to FIG. 8, this makes the alloy far
more desirable than conventional materials at tempera-
tures corresponding to many waste heat applications.

From the foregoing, it can be appreciated that the
present invention provides new and improved alloys for
thermoelectric applications and methods for making the
same. Because the alloys are disordered, the electrical
conductivities thereof can be tailored as desired without
adversely affecting the thermal conductivities thereof.
Also, certain of the alloys of the present invention are

4,447,277
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suited for thermoelectric applications in the important
temperature range of 100> C. to 200° C. In that range,
they exhibit figures of merit of at least 25 percent up to
40 percent better than known prior art crystalline mate-
rials. Their ease of manufacture and stability of opera-
tion are far superior to prior materials which demand
purity, stoichiometry and defect control.

In addition to the foregoing, it is not necessary that
both the first and second compounds be electrically
conductive. In fact, the AgysSbrsTeso compound does
not, by itself, exhibit good electrical conductivity.
However, when it is combined with the second com-

- pound, by virtue of the macroscopic modification of the
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present invention, new and improved thermoelectric
alloys result which have higher electrical conductivity
than either of the constituent compounds alone. It is
also not necessary that one of the compounds be a good
thermoelectric material by itself although it is preferred
that at least one of the compounds exhibit a suitable
Seebeck coefficient. By the method of the :present in-
vention, new and improved thermoelectric materials
can be fabricated from a material having a satisfactory

Seebeck coefficient but having unsatisfactory electrical

and thermal conductivity properties. Further, it is also
not necessary that the first and second compounds be
rhombohedral and face centered cubic respectively in
crystalline geometrics. Other forms of geometrics are
permitted in practicing the present invention.
Modifications and variations of the present invention
are possible in light of the above teachings. It is there-

- fore, to be understood that within the scope of the ap-
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pended claims the invention may be practlced other-
wise than as specifically described.

What is claimed and described to be secured by let-
ters patent of the United States is: |

1. A material for thermoelectric applications having
low thermal conductivity and high electrical conduc-
tivity, said material comprising:

a first phase including a multiplicity of matrix crystal-
lites, said crystallites being separated by macro-
scopic grain boundary regions containing at least
one modifying phase introduced therein to increase
the electrical conductivity of said material.

2. A material as defined in claim 1 wherein said one
modifying phase modifies the matrix of said material by
controlling the electrical conductivity independently of
sald thermal conductivity.

3. A material as defined in claim 2 comprising a fur-
ther phase for independently controlling the thermal
conductivity of said material. --

4. A material as defined in claim 3 wherein said fur-
ther phase is adapted to reduce the thermal conductw-
ity of said material.

5. A material as defined in claim 1 wherein said at
least one additional phase includes at least one element
having high electrical conductivity.

6. A material as defined in claim 5 wherein sald at
least ong element having high electrical conductivity is
silver.

7. A material as defined in claim 1 further including a
dopant.

8. A material as defined in claim 7 wherein said dop-
ant 1s a tellurium iodide (Tely).

9. A material as defined in claim 8 wherein said mate-

rial includes 0.1 percent to 1 percent of said tellurium
1odide.
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10. A material as defined in claim 9 wherein said
material includes about 0.2 percent of said tellurium

iodide.

11. A material for thermoelectric applications having
low thermal conductivity and high electrical conduc-
tivity, said material comprising:

a first phase including a multiplicity of matrix crystal-
lites, said crystallites being separated by macro-
scopic grain boundary regions containing at least
one modifying phase introduced therein to reduce
the thermal conductivity of said material.

12. A material as defined in claims 1 or 11 wherein
said crystallites include at least bismuth, tellurium and
antimony.

13. A material as defined in claims 1 or 11 wherein
said grain boundary reglons include at least silver and
tellurium.

14. A material as defined in claims 1 or 11 wherein
said grain boundary regions include silver and tellurium
and multiple phases thereof.

15. A material as defined in claims 1 or 11 wherein
said material includes at least bismuth, tellurium, anti-
mony, and stlver.

16. A material as defined in claim 1 or 11 wherein said
material includes about 10 to 20 percent bismuth, about
20 to 30 percent antimony, about 60 percent tellurium
and less than 1 percent silver.

17. A material as defined in claims 1 or 11 further
comprising grain boundaries between said matrix crys-
tallites and said grain boundary regions and wherein
said grain boundaries includes transitional phases.

18. A material as defined in claim 17 wherein said
transitional phases vary in composition from the com-
position of said crystallites to the composition of the
phases within said grain boundary regtons.

19. A material as defined in claims 1 or 11 wherein

said grain boundary regions further include microcrys- -

talline inclusions.

20. A material as defined in claims 1 or 11 wherein
said grain boundary regions vary in dimension up to
about three microns.

21. A material as defined in claims 1 or 11 wherein
satd matrix crystalhtes have a width dlmensmn on the
order of ten microns.

22. A material as defined in claims 1 or 11 wherein
said material includes at least bismuth, tellurium, and
selenium.

23. A material as defined in claim 22 wherein said
material includes about 40 percent bismuth, about 42 to
54 percent tellurium, and about 18 to 6 percent sele-
nium. |

24. A material as defined in claim 23 wherein said
material includes a dopant.

25. A material as defined in claim 24 wherein said
dopant is tellurium iodide.

26. A material as defined in claim 25 wherein said

material includes about 0.05 to 0.2 percent tellurium

1odide.

27. A material as defined in claim 26 wherein said
material includes about 0.2 percent tellurium iodide.

28. A material as defined in claim 24 wherein said
dopant is cadmium chloride.

29. A material as defined in claim 22 wherein said
material further includes silver.

30. A material for thermoelectric applications having
low thermal conductivity and high electrical conduc-
tivity, said material comprising:
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a multiplicity of matrix crystallites including at least
bismuth, tellurium, and antimony, said crystallites
being separated by disordered grain boundaries
bordering said crystallites and grain boundary re-
gions between said grain boundaries, said grain
boundary regions including a plurality of phases
including electrically conductive phases including
at least one element having high electrical conduc-
tivity, and said grain boundaries including transi-
tional phases varying in composition from the com-
position of said crystallites to the composition of
said phases within said grain boundary regions.

31. A material as defined in claim 30 wherein said at
least one element having high electrical conductivity is
silver.,

32. A method of making a material for thermoelectric
applications having low thermal conductivity and high
electrical conductivity, said method comprising the
steps of:

forming a mixture of at least first and second multiple
element compounds, at least one of said com-
pounds including at least one element having high
electrical conductivity, heating said mixture to an
elevated temperature, and thereafter cooling said
mixture to form from said mixture of compounds a
multiphase solid alloy material differing substan-
tially in macroscopic structure, compositional dis-
tribution and thermal and electrical properties
from a material formed from the constituent ele-
ments of said compounds alone, said multiphase
alloy comprising a first phase of a multiplicity of
matrix crystallites separated by macroscopic disor-
dered grain boundary regions having at least elec-
trically conductive phases with said at least one
element having high electrical conductivity
therein.

33. A method as defined in claim 32 comprising the
furthur step of annealing said multiphase solid alloy
material at about 250° C. for about 20 hours.

34. A method as defined in claim 32 comprising the
further step of preparing said first and second com-
pounds in solid particulate form and wherein said mix-
ture is heated to a temperature of about 650° C.

35. A method as defined in claim 34 wherein
mixture is cooled to room temperature.

36. A method as defined in claim 35 wherein said
mixture is cooled by drawing said mixture through a
temperature gradient.

37. A method as defined in claim 36 wherein said
mixture is drawn at a rate of 30 mm per hour through a
temperature gradient of 30° C./cm.

38. A method as defined in claim 32 wherein said first
and second multiple element compounds are crystalline
and have different crystaliine geometries.

39. A method as defined in claim 38 wherein one said
compound has a face centered cubic crystalline struc-
ture and the other said compound has a rhombohedral
crystalline structure.

40. A method as defined in claim 32 wherein sald first
multiple element compound includes bismuth, anti-
mony, and tellurium.

41. A method as defined in claim 40 wherein said
second multiple element compound includes silver,
antimony, and tellurium.

42. A method as defined in claim 41 wherein said first
compound comprises 10 to 20 percent bismuth, 20 to 30
percent antimony, and 60 percent tellurium.

said
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43. A method as defined in claim 42 wherein said
second compound comprises 25 percent silver, 23 per-
~ cent antimony, and 50 percent tellurium.

44. A method as defined in claim 43 wherein said first
and second compounds are mixed together in the pro-
portion of 97 to 99.75 percent of said first compound
“with 3 to 0.25 percent of said second compound.

45. A method as defined in claim 32 further compris-
ing the step of adding a dopant to said first compound
prior to forming said mixture of said compounds.

46. A method as defined in claim 45 wherein said
dopant is tellurium iodide (TeI4)

47. A method as defined in claim 46 wherein between
about 0.1 percent to 1 percent tellurium iodide is added
to said first compound.

10

18

63. A method as defined in claim 59 comprising the
further step of adding a dOpant. to said BijgpSbioTeso
prior to forming said mixture.

64. A method as defined in claim 63 wherein sald
dopant is tellurium iodide.

65. A method as defined in claim 64 wherein about 0.1

| 'percent to 1 percent of said tellurium 1od1de is added to

said Bi1gSb3pTeso.

66. A method as defined in claim 65 whereln about 0.2

percent of said tellurium iodide is added to said BijgSbs.
0Tego.

67. A method as defined in claim 59 wherein said
partlculate solid mixture is formed by mixing 99.5 per-

- cent BijgSbspgTego with 0.5 percent Agz5SbasTesp.

15

48. A method as defined in claim 47 wherein about 0.2 °

percent tellurium iodide is added to said first com-
pound.

49. A method as defined in claim 32 wherein said first
multlple element compound includes bismuth, tellu-
rium, and selenium.

50. A method as defined in claim 49 wherein said

second multiple element compound includes silver,
antimony, and tellurium.

51. A method as defined in claim 51 wherein said first
compound includes 40 percent bismuth, 42 to 54 per-
cent tellurium, and 18 to 6 percent selenium.

- 52. A -method as defined in claim 50 wherein said
second compound includes 25 percent silver, 25 percent
antimony, and 50 percent tellurium.

53. A method as defined in claim 52 wherein said first
and second compounds are mixed together in the pro-

portions of 99 percent of said first compound with 1

percent of said second compound.
54. A method as defined in claim 49 further compris-
ing the step of adding a dopant to said first compound
prior to forming said mixture of said compounds.
55. A method as defined in claim 54 wherein said
dopant is tellurium 1odide.
56. A method as defined in claim 5§ wherein between
about 0.05 to 0.20 percent tellunum iodide 1s added to
said first compound.
57. A method as defined in clalm 56 wherein about 0.2
percent tellurium iodide is added to said first com-
pound.
58. A method as defined.in claim 54 wherein said
dopant is cadmium chloride.:
59. A method of making a material for thermoelectric
applications having low thermal conductivity and high
electrical conductivity, said method comprising:
forming a particulate solid mixture of 97 to 99.75
percent of a first multiple element compound and 3
to 0.25 percent of a second multiple element com-
pound, said first compound comprising Bimeg.
0Tego and said second compound comprising
Aga5SbasTesp;

heating said mixture to an elevated temperature; and
thereafter cooling said mixture to form said mate-
rial 1n solid form.

60. A method as defined in claim 59 wherein said
mixture is cooled by the step of drawing said mixture
through a temperature gradient.

61. A method as defined in claim 60 wherein said

mixture is drawn at a rate of about 30 mm/hr through a

temperature gradient of 30° C./cm.

mixture is heated to a temperature of about 600° to 650°
C.

20

25

30

35

435

50

55

65
62. A method as defined in claim 59 wherein said

68. A method as defined in claim 59 wherein said
particulate solid mixture is formed by mixing 99 percent
Bi1oSb3pTeso with 1 percent AgasSbasTesp.

69. A method as defined in claim 59 wherein said
particulate solid mixture is formed by mixing 98.5 per-
cent Bi11oSb3oTego with 1.5 percent Agos5SbasTesp.

70. A method as defined in claim 59 wherein said
particulate solid mixture is formed by mixing 98 percent
BiigSbagTego with 2 percent AgasSbasTesp.

71. A method as defined in claim 59 comprising the
further step of annealing said material at about 250° C.
for about 20 hours.

72. A method of making a materlal for thermoelectric
applications having low thermal conductivity and high
electrical conductlwty, said method compnsmg the
steps of: '

providing a first multlple element compound having a

thermal conductlwty and an electncal conductiv-
ity;

providing a second multiple element compound, said

second compound including at least one element
capable of forming electrically conductive phases
with at least one element of said first compound
when combined;

forming a solid particulate mixture including 97 per-

‘cent to 99.75 percent of said first compound with 3

percent to 0.25 percent of said second compound;
heating said mixture; and thereafter |

cooling said mixture to form a solid multiphase alloy
material, said material having a disordered struc-
ture differing substantially from that of a material
formed from the constituent elements of said first
and second compounds alone, said multiphase alloy
also having a thermal conductivity lower than the
thermal conductivity of said first compound and an
electrical conductivity higher than the electrical
conductivity of said first compound.

73. A thermoelectric alloy material comprising a
combination of first and second multiple element crys-
talline compounds having different melting points, said
first compound having thermoelectric properties and
said second compound having at least two elements
capable of forming' at least one highly electrically con-
ductiveé phase when combined such that one element is
of higher concentration than the other element, said
alloy formed from a mixture of said compounds that has
been heated to a temperature equal to or above the
melting point of one of said compounds and below the
melting point of said other compound and thereafter
drawn through a cooling gradient to form from the
heated mixture said -thermoelectric alloy material in
solid form, said alloy differing substantially from an
alloy formed from a mixture of the constituent elements
of said’ first and second multiple element crystalline
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compounds in that said alloy formed from said mixture
of said compounds comprises a first phase of a multlphc-
ity of matrix crystallites separated by macroscopic dis-
ordered grain boundary regions having at least said one
highly electrically conductive phase therein.

74. A thermoelectric alloy material as defined in
claim 73 wherein said first compound has a higher melt-
ing point than said second compound.

75. A thermoelectric alloy material as defined in
claim 73 wherein said first and second compounds have
different crystal structures.

76. A thermoelectric alloy material as defined in
claim 75 wherein said first compound has a rhombohe-
dral crystal structure.

77. A thermoelectric alloy material as defined in

claim 75 wherein said first compound has a ditamond

crystal structure.

78. A thermoelectric alloy material as defined in
claim 76 or 77 wherein said second compound has a face
centered cubic crystal structure.

79. A thermoelectric alloy material as defined in
claim 73 wherein said first compound is at least one
compound selected from the group consisting of
(B1,Sb),Te; compounds.

80. A thermoelectric alloy material as defined in
claim 79 wherein said first compound is BijgSb3gTeso.

81. A thermoelectric alloy material as defined in
claim 73 wherein said first compound includes lead.

82. A thermoelectric alloy material as defined in
claim 81 wherein said first compound is PbTe.

83. A thermoelectric alloy material as defined in
claim 73 wherein said first compound is Si-Ge.

84. A material as defined in claim 73 wherein said first
compound has a satisfactory Seebeck coefficient (S).

85. A thermoelectric alloy material as defined in
claim 73 wherein said second compound is a telluride or
antimonide of Group IB or IIIB transition metals.

86. A thermoelectric alloy material as defined in
claim 85 wherein said second compound is a binary or
ternary telluride or antimonide of sﬂver, gold, thallium,
or indium.

87. A thermoelectric alloy material as defined in
claim 86 wherein said second compound is selected
from the group consisting of AgTe, AgyTe, InSb,
AgSb, AuTle, AuyTe, AuSb, TlTe, TITe, TISDb,
TISbTe, and AgysSbasTesp.

88. A thermoelectric alloy material as defined in
claim 73 wherein said at least one highly electrically
conductive phase comprises AgsTe.

89. A method of making a thermoelectric alloy mate-
rial comprising:

(2) forming a mixture of first and second multiple
element crystalline compounds having different
melting points, said first compound having thermo-
electric properties and said second compound hav-
ing at least two elements capable of forming at least
one highly electrically conductive phase when

combined such that one element is of higher con-

centration than the other element;

(b) heating said mixture to a temperature equal to or
above the melting point of one of said compounds
and below the melting point of said other com-
pound to form a melt; and

(c) cooling said melt to form said thermoelectric alloy
material 1n solid form which alloy differs substan-
tially from materials formed from the constituent

~ elements of said first and second compounds alone
in that said alloy material comprises a first phase of
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a multiplicity of matrix crystallites separated by
macroscopic disordered grain boundary regions
having at least said one hlghly electrically conduc-
tive phase therein.

90. A method as defined in claim 82 wherein said first
and second compounds have different crystal struc-
tures. *

91. A method as deﬁned in claim 90 whereln said first
compound has a rhombohedral crystal structure.

92. A method as defined in claim 90 wherein said first
compound has a diamond crystal structure.

93. A method as defined in claim 91 or 92 wherein
said second compound has a face centered cubic crystal
structure.

94. A method as defined in claim 89 wherein said first
compound 1s at least one compound selected from the
group consisting of (Bi,Sb),Te3z compounds.

95. A method as defined in claim 94 wherein said first
compound 1s Bi1oSbigTegp.

96. A method as defined in claim 89 wherein said first
compound is a calcogenide of bismuth and/or anti-
mony.

97. A method as defined in claim 89 wherein said first
compound is Si-Ge.

98. A method as defined in claim 89 wherein said first
compound is PbTe.

99. A method as defined in clalm 89 wherein said
second compound i1s a telluride or antimonide of Group
IB or IIIB transition metals.

100. A method as defined in claim 99 wherein said
second compound is a binary or ternary telluride or
antimonide of silver, gold, thallium, or indium.

101. A method as defined in claim 100 wherein said
second compound is selected from the group cohsisting
of AgTe, AgyTe, InSb, AgSb, AuTe, AusTe, AuSbh,
Tl Te, TITe, TISb, TISbTe, and AgisSbysTesp.

102. A method as defined in claim 89 wherein said at
least one highly conductive phase comprises AgsTe.

103. A method as defined in claim 89 wherein said
melt is cooled by drawing said melt through a tempera-
ture gradient.

104. A method of making a material for thermoelec-
tric applications having low thermal conductivity and
high electrical conductivity, said method comprising:

forming a particulate solid mixture of 99 percent of a

first multiple element compound and 1 percent of a
second multiple element compound, said first com-
pound comprising BigoTeq2-545e18.6 and said sec-
ond compound comprising Agi5SbasTesp;

heating said mixture to an elevated temperature; and

 thereafter |

cooling said mixture to form said material in solid

form.

105. A method as defined in claim 104 wherein said
mixture is cooled by the step of drawing said mixture
through a temperature gradient.

106. A method as defined in claim 105 wherein said
mixture is drawn at a rate of about 10 mm/hr through a
temperature gradient of 30° C./cm.

107. A method as defined in claim 104 wherein sald
mixture is heated to a temperature of about 650° C.

108. A method as defined in claim 104 comprising the
further step of adding a dopant to said BiggTe42-545€13-6
prior to forming said mixture.

109. A method as defined in claim 108 wherein said
dopant 1s cadmium chloride or tellurium iodide.
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110. A method as defined in claim 109 wherein about
0.2 w/0 of said tellurium iodide is added to said Bisg.
Teqr.54Se13.6.

111. A material for thermoelectric applications hav-
ing low thermal conductivity and high electrical con-
ductivity, said material consisting essentially of 10% to
- 20% bismuth, about 20% to 30% antimony, about 60%
tellurium, and silver, said silver being in an amount less
than 1%.

112. A material as defined in claim 111 further includ-
ing a dopant.

113. A material as defined in claim 112 wherein said
dopant is tellurium iodide (Tely).

114. A material as defined in claim 113 wherein said
material includes 0.1% to 1% of said tellurium iodide.

10
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115. A material as defined in claim 114 wherein said
material includes about 0.2% of said tellurium iodide.

116. A material for thermoelectric applications hav-
ing low thermal conductivity and high electrical con-
ductivity, said material consisting essentially of about
40% bismuth, about 42% to 54% tellurium, about 18%
to 6% selenium, and silver, said silver being in .an
amount less than 1%.

117. A material as defined in claim 116 further includ-

ing a dopant wherein said material includes about
0.05% to 0.2% tellurium iodide.

118. A material as defined in claim 117 wherein sald

- material includes about 0.2% tellurium iodide.
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119. A material as defined in claim 116 wherein éaid

dopant is cadmium chloride.
* % ¥ * %k
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